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Use of CR-39 films for nuclear radiation shielding efficacy
evaluation of lining materials for combat vehicles
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Abstract : All materials provide, to a lesser or greater extent, shielding against nuclear radiations. Armoured
fighting vehicles (AFVs) have steel as the structural material, which appears to be a reasonably good gamma
and neutron shield material but a shield of pure iron would not be equally effective against whole range of
neutron energies as it has a few resonances in electron volt range, and it reduces energy of fast neutrons to
lower energy neutrons. These neutrons will be absorbed through radiative capture and emit gamma radiations.
Thus it is essential that an effective shield should contain a large amount of moderating material, hydrogen being
preferred with low atomic number materials (B, C, Li) and lead (Pb) to ensure that the neutrons do not diffuse at
intermediate energies in the shield as well as gamma attenuation will also take place.
In order to have a suitable shield material for armoured vehicles which serves as neutron and
gamma radiation attenuator, polyethylene polymer with fillers lining materials are preferred. These materials were
evaluated against gamma and fast neutrons using radioactive sources for suitability to fitment into combat
vehicle as per the requirement of protection factor values. The detector for gamma radiation was used as Nal(Tl)
while for neutron, CR-39 film was used.
Keywords : Radiation shielding, protection factor, gamma spectrometry, SSNTD, combat vehicles, CR-39.
PACS No. : 28.41.Qb
1. Introduction
It is well known that nuclear explosion gives the nuclear radiation, high overpressure
due to blast and intense heat due to thermal radiations, in the environment. For the
sake of convenience nuclear, radiation from a nuclear explosion is categorized into
initial nuclear radiation and residual radiation because of fallout. The initial nuclear
radiation is the radiation emitted within the first minute of explosion. It consists of high
energy gamma rays and neutrons. The other accompanying radiations alpha’s, beta’s
are all absorbed within the near vicinity of explosion and expanding debris. Most of the
neutrons and part of the gamma rays are emitted in the fission reactions. The
remainder of the gamma rays are produced in various secondary nuclear processes,
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including decay of the fission products. The energy of these gamma rays are mainly
in the 1 to 2 MeV range. The energies of the neutrons received at some distance from
a nuclear explosion cover a wide range, from several millions down to a fraction of an
electron volt.
The fallout or residual nuclear radiation is the radiation emitted later than one
minute after the explosion of nuclear weapon. The fallout threat mainly comprises of
molten and solidified particles of earth on to which the radioactive products of the
explosion (i.e. beta and gamma) have condensed. The fallout consists of mixture of
about 200 fission products with varying half lives and energies. It is reasonable to
assume an average value of 0.7 MeV for the energy of gamma radiations from fallout.
Fallout depends upon the yield of weapon, height of burst, wind speed and the time
of interest [1,2].
Armoured vehicles have steel as structural material, which has adequate shielding
against gamma radiation. The steel only may not provide the required protection in
case of nuclear threat from INR radiations [3–4]. It is therefore required to add on some
lining material which must be polyethylene polymer with fillers. The neutron get
attenuated due to polyethylene along with boron filler whereas gamma due to lead filler
only. This material can be selected based on evaluating the shielding efficacy against
gamma and neutrons.
In present study, polymer matrix of polyethylene, ethylene propylene rubber,
silicon/polyurethane elastomer and epoxy resin with filler of lead powder and boron/
boron carbide powder were developed with different thickness. These materials have
been evaluated against gamma and neutrons radiations and recommended for fitment
based on these values along with their weight penalty for mass productions.
Evaluation against gamma radiations was carried out with conventional Nal(Tl)
based gamma spectrometry technique.
Solid state nuclear track detectors specially CR-39 films have played very vital
role for evaluation of protection factors of these lining materials against fast neutrons
because of insensitive to gamma radiations, small size and excellent response against
fast neutrons [5].
2. Experimental procedure
2.1. Evaluation of protection factors against gamma radiations :
To determine shielding efficacy against gamma radiations, Nal(Tl) based gamma
spectrometry technique was used. 60Co source emitting 1.25 MeV (Av. energy) and
137Cs source emitting 660 keV have been used to simulate initial nuclear radiation
(INR) and fallout radiation respectively. Nal(Tl) detector (3" × 3") has been used along
with MCA for recording of gamma spectrum purpose. The gamma spectrum were
acquired with present time and counts under the photopeak were integrated. The
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protection factor of any material is calculated by taking measurements without and with
shield materials and expressed as :
Intensity of gamma radiation under photopeak
without any sample (I0)
Protection factor  = —————————————————————
Intensity of gamma radiation under
photopeak with sample (I )
The experimental set-up is shown in Figure 1. The gamma spectrometer was
used as Nano-Spec from Target, Germany. Figure 2 shows the gamma spectrum of
60Co source without and with sample.
Figure 1. Experimental set-up for evaluation of P.F. against gamma radiations.
Figure 2. Gamma spectrum without and with shield.
2.2. Evaluation of protection factors against fast neutrons :
CR-39 film along with polyethylene radiator was exposed with and without shield
samples in Multipurpose neutron exposure facility of Defence Laboratory, Jodhpur [6].
This facility has Cf-252 neutron source, which has similar spectrum as of INR fission,
so it is excellent simulation of INR neutrons in laboratory. The CR-39 film is only
sensitive to fast neutrons and records as recoil protons through n-scattering. These
recoil proton tracks can be revealed after chemical processing.
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The track density is directly proportional to neutron intensity. The recoil proton
tracks were counted under optical microscope at 400X magnification. The photograph
of recoil proton tracks recorded on CR-39 film is shown in Figure 3. The ratio of these
recoil proton track density (with and without lining material) gives the protection factor.
Figure 3. Recoil proton tracks on CR-39 film.
In addition, the protection factors have also been evaluated through REM meter
(Victoreen Model 190N). For this purpose dose rate recorded without and with lining
material. The ratio of these values gives the protection factor of that sample.
3. Results and discussions
The shielding efficacy of lining material determined against gamma radiations using
Co-60 and Cs-137 radioisotopes. These sources are having the same energy of INR
(1.2 MeV average) and fallout (662 keV) gamma radiations. Therefore these sources are
using for simulation of INR and fallout radiations for experiment purpose. The protection
factors of various lining materials are given in Table 1. It is observed that if lining
material has more lead as filler, than its protection factor is more. Also in case if the
lining material is kept along with steel, the protection factor increases drastically. The
reason is gamma attenuation increases with Z (atomic number) of shielding material.
Before determination of protection factors of lining materials, the experimental
set-up is validated through theoretical as well as experimental verification methodologies.
For experimental verification, the steel, its Tenth Value Layer (TVL) against INR and
fallout radiations are available in literature was used for determination of TVL in set
geometry and than compared with literature value. The set-up will finalized only after
both values matches with each other. Similarly, for theoretical verification, Monte Carlo
code MCNP was used and the experimental set-up was simulated in this code and
determined the protection factors of some shielding samples. After agreement of
results, this optimized geometry was used for evaluation of protection factors of various
shield samples.
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Table 1. Protection factors of lining materials against gamma (INR and fallout
radiations).
S. No. Sample Thickness                         P.F.
(cm) INR Fallout
(Co-60) (Cs-137)
1. 35.0% Pb rubber 1 1.10 1.11
2. 50.0% Pb rubber 1 1.16 1.17
3. 75.0 % Pb rubber 1 1.31 1.41
4. Russian sample 1 1.06 1.07
5. Steel (0.55 cm) 1.55 1.41 1.44
+ 35.0% Pb rubber
6. Steel (0.55 cm) 1.55 1.45 1.50
+ 50.0% Pb rubber
7. Steel (0.55 cm) 1.55 1.62 1.86
+ 75.0%Pb rubber
8. Steel (0.55 cm) 1.55 1.37 1.38
+ Russian sample
9. 75% Pb rubber 1.5 1.30 1.32
10. 75% Pb rubber 1.8 1.37 1.41
11. Steel (0.55 cm) 2.05 1.57 1.62
+ 75.0 % Pb rubber
(1.5 cm)
12. Steel (0.55 cm) 2.35 1.65 1.79
+ 75.0% Pb rubber
(1.8 cm)
13. Steel (0.55 cm) 2.55 1.46 1.50
+ 50.0% Pb rubber
(2.0 cm)
14. Steel (0.55 cm) 2.55 1.58 1.66
+ 60.0% Pb rubber
(2.0 cm)
15. Steel (0.55 cm) 2.55 1.63 1.73
+ 65.0% Pb rubber
(2.0 cm)
The protection factor of lining material against fission neutrons was determined
using CR-39 film and REM meter. The protection factors obtained are given in Table
2.
It is found that results are matching within 12% to each other. The use of CR-
39 film is more advantageous as compared to REM meter due to it can be used in
any size, no need of electricity and sensitive to only fast neutrons. Keeping in view
these advantages, this detector was used to evaluate the panel for shelter against fast
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Table 2. P.F. against fission neutrons.
S. No. Sample P.F. P.F.
CR-39 REM Meter
1. 75.0% Pb rubber 1.82 1.60
2. Russian sample 1.32 1.26
3. Steel 1.30 1.32
4. Steel + Russian pad 1.61 1.48
5. 50% Pb rubber 1.50 1.50
6. 60% Pb rubber 1.68 1.50
7. 65% Pb rubber 1.88 1.45
8. Steel (0.55 cm) 1.64 1.83
+ 50% Pb rubber (2.0 cm)
9. Steel (0.55 cm) 1.75 1.72
+ 60% Pb rubber (2.0 cm)
10. Steel (0.55 cm) 2.05 1.72
+ 65% Pb rubber (2.0 cm)
11. PE based rubber-I* 2.15 1.86
+Pb (4.0 mm) + G.I. Sheet (2 mm)
12. PE based rubber-I 1.92 1.93
+Pb (3.0 mm) + G.I. Sheet (2 mm)
13. PE based rubber-I 2.13 1.90
+Pb (3.5. mm) + G.I. Sheet (2 mm)
14. PE based rubber-II 2.13 1.83
+Pb (4.0 mm) + G.I. Sheet (2 mm)
15. PE based rubber-Ill 2.08 1.92
+Pb (3.0 mm) + G.I. Sheet (2 mm)
16. PE based rubber-Ill 2.23 1.89
+Pb (4.0 mm) + G.I. Sheet (2 mm)
17. PE based rubber-IV + Pb(2.5 mm) 2.08 1.89
18. PE based rubber-IV + Pb(2.0 mm) 1.92 1.82
19. Al (1.5 mm) + PE based rubber (2.0 mm) 1.90 1.93
+A1 (1.5 mm) + PUF (40 mm) + G.I. Sheet (3 mm)
20. Imported Shielding pad 1.40 1.32
(polyethyle based rubber with boron)
21. Imported shielding pad 1.10 1.05
(polyurethene based rubberwith boron)
*The different PE based rubber representing the variation in B4C percentage as filler.
neutrons. The some of shielding panels were also sent to BARC for evaluation against
fast neutrons. The source was used as Am-B (Av. energy–2.9 MeV) and results were
obtained in well agreement to each other within ±10%. The variation is due to difference
in source used (average energy is different).
Based on the evaluation of shielding materials, the mass production of material
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Figure 4. Fitment of lining material in combat vehicle.
is carried out for fitment into combat vehicles/shelters. To know how much shielding
efficacy has improved of that combat vehicle after the fitment of lining material, overall
protection factor is determined in the field [7]. Figure 4 shows the fitment of lining
material into one of the combat vehicle.
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4. Conclusions
Solid state nuclear track detectors can be used for evaluation of lining materials for
combat vehicles against fast neutrons. Their performance of these detectors is well
agreement to conventional detectors for such important application.
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